1. Introduction {#sec1-1}
===============

The membrane of eukaryote cell acts as a selective barrier between the cytoplasm and the extracellular space \[[@r1]\]. Only small ions and molecules as well as some organic molecules may penetrate through the cell membrane. Large molecules such as synthetic pharmaceutical drugs or DNA plasmids cannot be introduced into cells easily without damaging cell integrity. Many research areas such as gene therapy as well as therapeutical research would greatly benefit from tools that efficiently allow internalization of such molecules into cells \[[@r2]--[@r5]\]. Viral vector is currently the method mostly used to introduce foreign material into cells but safety and immunogenicity concerns \[[@r6],[@r7]\] favored the development of alternative techniques to accomplish this task \[[@r2],[@r8]\]. The main physical methods that have been developed include electroporation \[[@r9],[@r10]\], direct injection \[[@r11]\] and laser methods such as laser induced stress wave \[[@r12],[@r13]\], direct optoporation \[[@r14],[@r15]\] and selective cell optoporation using light absorbing particles \[[@r16]--[@r19]\]. These methods however face major drawbacks. Electroporation may for instance yield low viability through irreversible electroporation \[[@r20],[@r21]\] while direct injection and direct optoporation treat one cell at a time leading to a very low throughput.

Using AuNPs, our research group has recently introduced a new high throughput technique for permeabilizing human cancer cells \[[@r17]\]. In this approach AuNPs are deposited on cell membranes and irradiated by weakly focused femtosecond (fs) laser pulses, resulting in a significant increase of membrane permeability. Because of its low side effects and high selectivity, this new promising technique is a very efficient, high throughput and virus-free method that has the potential for transfection and has wide applications in both in vivo and the clinic. The AuNPs have several unique characteristics that make them the best option for cell membrane optoporation, drug delivery \[[@r22]--[@r24]\] and laser activated nano thermolysis \[[@r25]--[@r27]\] purposes. This uniqueness is due to the existence of a tunable localized surface plasmon resonance (LSPR) described as a collective and coherent oscillation of free electrons at the surface of nanoparticles in resonance with an electromagnetic (EM) wave light of a specific wavelength \[[@r28],[@r29]\]. The plasmon resonance results in an intense absorption and scattering of incident light, as well as highly localized field enhancement at the plasmon resonance wavelength. Other spectacular characteristics of AuNPs are the presence of a significant surface functionalization capability to conjugate biomolecules and other targeting moieties \[[@r24],[@r30],[@r31]\] as well as oxidation resistance, which maximizes their biocompatibility \[[@r24]\]. In the technique described above, under irradiation, the AuNPs locally amplify the EM field which passes beyond the optical breakdown threshold and then leads to the formation of a cavitation bubble of submicron size. This bubble creates a nanometric pore on the cell membrane or simply disrupts the lipid membrane and increases permeability to allow the introduction of extracellular cargo \[[@r19]\]. While this technique presents numerous advantages, it uses a femtosecond laser that occupies a large area, is complicated to operate and has heavy costs. In order to increase its accessibility and decrease its cost, we adapted the process to a Nd:YAG nanosecond pulsed laser.

Other groups have exploited the plasmon resonance excited by nanosecond laser for the same purpose: Lin et al. \[[@r16]\] were amongst the first to demonstrate the permeability increase of cell membrane with plasmonic particles in 2003. The Lapotko group used it to create plasmonic nanobubbles that selectively kill cancer cells \[[@r25],[@r27]\] and to transfect single J32 cell with a GFP plasmid \[[@r32]\]. Yao et al. have studied the influence of the laser parameters on the membrane permeability \[[@r18],[@r33]\]. However, all these studies have been realized at a wavelength of 532 nm which is near the LSPR peak of spherical AuNPs. In this paper, we demonstrate the possibility of cell optoporation when the nanosecond pulsed laser wavelength is off resonance at near infrared (NIR) regime (1064 nm). The advantage of this approach is that when irradiated by NIR radiation, biological tissues present a low absorption coefficient as well as a low scattering coefficient thus minimizing the heat transferred by the EM wave to the cells. In addition, this approach maximizes the penetration depth thus opening the possibility to reach sub layer cells on in vivo specimens. Bashkatov et al. \[[@r34]\] has measured that the penetration depth in human skin is 0.9 mm at 532 nm while it is 3.3 mm at 1064 nm.

2. Materials and methods {#sec1-2}
========================

2.1. Laser setup {#sec2-1}
----------------

Laser irradiation was performed with a Q-switched Nd:YAG laser (Brilliant B, Quantel, France) delivering pulses of 15 ns (for 532 nm) and 75 ns (for 1064 nm) at a repetition rate of 10 Hz. The 1 cm diameter beam is directed to the sample where a 150 mm focusing lens (Thorlabs, Newton, New Jersey) fixed on a micrometric stage allows adjusting the beam diameter to 1.6 mm at the sample plane. The petri dish is scanned at a speed of 3 mm/s with 1.1 mm step between lines by two micrometric translation stages (Thorlabs, Newton, New Jersey) controlled by computer. The irradiation is made on 3 regions of interest (5 x 5 mm^2^) in the petri dish and each region takes 90 seconds to irradiate, enabling the treatment of a large number of cells in very short time.

2.2. Cell preparation {#sec2-2}
---------------------

Human melanoma cells (MW278) are routinely cultured in RPMI1640 supplemented with 10% FBS, L-glutamine and antibiotics (Invitrogen, Burlington, ON) in a 37 °C humidified incubator (5% CO~2~, 95% air). Prior to experiment, the cells are plated on a glass bottom culture dish (MaTek Corporation, Ashland, MA) to obtain a cell density of 70-80% at irradiation time. 100 nm gold nanoparticles (Nanopartz, CO, USA) are deposited on the cells to a final concentration of 8.3 μg/mL and they are incubated for a period of 4 hours. Before irradiation, the cells are washed with PBS to remove NPs that did not attach to the cell membrane. The extracellular cargo to be inserted in the cells is then mixed to the cell medium. For permeability measurements we added a small fluorophore, Lucifer yellow (LY, Sigma-Aldrich, Oakville, Ontario), to a concentration of 0.3 mM. LY was not added in medium for MTT assays and SEM experiments.

2.3. Fluorescence microscopy {#sec2-3}
----------------------------

Two hours after treatment, cells are treated with Propidium Iodide solution (PI, Sigma-Aldrich, Oakville, Ontario) at concentration of 1.5 μM to allow the identification of damaged cells with perforated membranes. They are then washed with PBS and fixed with 3.6% formaldehyde solution (Sigma-Aldrich, Oakville, Ontario). After another PBS washing, cell nuclei are stained with DAPI (Sigma-Aldrich, Oakville, Ontario) at 1 μM. An observer Z1 microscope (Carl Zeiss, Toronto, Ontario) is used to take picture with a 10X objective. Each 5 X 5 mm^2^ zone is covered with 4--5 photos of each fluorescent channel and 3 control images (out of irradiated zones) are taken. Statistics are then calculated with a minimum of 3 different zones per fluence.

2.4. MTT assay {#sec2-4}
--------------

The cells are seeded in 12 well plates 24 h before the experiment. After irradiation, 150 μL of MTT solution (3 mg/mL) (Sigma-Aldrich, Oakville, Ontario) is mixed to each well. Plates are then protected from external light with an aluminum foil and placed at 37°C, 5% CO~2~ for another 3 h. Afterward, the medium is replaced with 0.5 mL of solubilization solution (0.1 N HCL in isopropanol) and the plate is weakly shaken for 5 min. The plate is then read with an Epoch microplate reader (Biotek instruments, Vermont, USA) in absorption mode at 570 nm with a reference at 690 nm.

2.5. Analysis {#sec2-5}
-------------

Fluorescent cells of each color are counted with the Image pro plus program (Media cybernetics, Washington, USA). A mean fluorescence background is calculated for the LY and PI fluorescence channel from the 3 control images in each petri dish and the detection threshold is set at the mean plus one standard deviation. Since many cells detach from the petri dish during irradiation, an adjustment is made by comparing the number of cells in the control image and the ones in irradiated zones. The viability is calculated as follow: \[1 -- (N~PI~ + N~adjust~)/(N~DAPI~ + N~adjust~)\] \* 100% and the perforation rate: N~LY~/(N~DAPI~ + N~adjust~) \* 100%. The standard deviation is then calculated from all the images of a same fluence.

2.6. SEM {#sec2-6}
--------

After the treatment, the cells are washed with PBS and 30 min later they are fixed with a 5% glutaraldehyde solution during 1 h. They are then washed with distilled water and dried under a laminar hood overnight. The next day, they are coated with a 5 nm gold layer and observed with a Quanta 200 SEM (FEI, Oregon, USA) in high vacuum mode.

3. Results {#sec1-3}
==========

3.1. Perforation & viability {#sec2-7}
----------------------------

Human melanoma cells are grown to a density of 70-80% confluence on glass bottom petri dishes. First, the effect of the laser on cells without NPs was verified. [Figures 1a](#g001){ref-type="fig"} Fig. 1Permeabilization rate measured by LY introduction in melanoma cells and 2 h viability (by PI exclusion) in the operating range of fluence for 532 nm and 1064 nm wavelengths. (a) and (b) are cells irradiated without AuNPs while (c) and (d) represent cells with 100 nm AuNPs (n = 3 or 4, the error bars represent the standard deviation). and [1b](#g001){ref-type="fig"} show the constant viability (above 95%) for 532 nm and 1064 nm pulses over the fluence ranges of interest. The perforation rate is lower than 3% for each wavelength.

Prior to irradiation, cells are incubated for 4 h with 100 nm diameter AuNPs. Afterward, the cells are washed with PBS and the attached NPs are found near the cell membrane either as small cluster or individually. LY fluorophore is added to the cell solution and the cells are placed on the translation table. The laser is defocused to a spot of 1.6 mm in diameter and each 5 X 5 mm^2^ zone are scanned under the laser at the speed of 3 mm/s with a line to line step of 1.1 mm. The laser operates at 10 Hz and, every cell receives approximately 5 laser pulses (neglecting the overlaps in the line to line step). This scanning technique enables a large number of cells to be treated in a very short time lapse. Thus, the irradiation time of a 25 mm^2^ takes 2 minutes while the irradiation of a complete petri dish of 314 mm^2^ takes 8 minutes.

To determine the optimal fluences and to demonstrate the membrane perforation, we studied the LY intake efficacy as a function of the applied fluence, defined as the energy delivered per unit area (mJ/cm^2^). Cells alone irradiated with the laser at 532 or 1064 nm are impermeable to LY. The same scenario applies to cells loaded with NPs but not irradiated. A fluorescence background from untreated cell is determined for each petri and only treated cells that shows fluorescence above one standard deviation (calculated from the 3 control images) from this threshold are considered successfully perforated.

Irradiation with 532 nm pulses did not require high laser energy since 532 nm is in the absorption peak of 100 nm spherical nanoparticles. Fluences from 25 to 70 mJ/cm^2^ were enough to perforate and enable LY intake in more than 20% of the total irradiated cells while maintaining a viability between 65% and 85%. Above 100 mJ/cm^2^, most of the cells either die by large membrane disruption or they detach from the irradiated zones. The detached cells are counted in the viability as described in section 2.5. The optimal fluence that kept 83 ± 8% of the cells alive while permeabilizing 26 ± 18% of them is situated at 55 mJ/cm^2^. These results give an energy threshold that could enable one to design an experiment aimed either at killing harmful cells or, alternatively, treating them with exogenous materials by controlling their membrane permeability. The threshold energy corresponding to a viability of 50% is located at 85 mJ/cm^2^.

[Figure 1d](#g001){ref-type="fig"} shows the perforation rate and viability as a function of the delivered fluence for 1064 nm pulses. The viability remains around 85% up to 1050 mJ/cm^2^ and decreases to 44% at 1.4 J/cm^2^. The perforation rate increases from 6% at 650 mJ/cm^2^ to 29% at 1.1 J/cm^2^ and then decreases to 15% for 1.4 J/cm^2^. The optimal fluence is situated at 1.1 J/cm^2^ where 29 ± 8% of the cells are perforated although we obtain excellent results from 1 to 1.1 J/cm^2^. Viability is higher at 1064 nm and more stable even if the fluence used is approximately 15X higher. The 50% viability threshold for this wavelength is situated at 1.4 J/cm^2^.

Error bars on [Fig. 1c](#g001){ref-type="fig"} and [Fig. 1d](#g001){ref-type="fig"} show that NIR pulses produce smaller variability in perforation and viability results compared to 532 nm pulses. It is thus more probable to get a high perforation rate for a given experiment using 1064 nm than using a 532 nm wavelength since 1064 nm offers better reproducibility.

It is important to note that according to the ANSI Z136.1-2000 standards the maximum permissible exposure (MPE) for ns pulses at 532 nm is \~20 mJ/cm^2^ and \~100 mJ/cm^2^ at 1064 nm. Hence none of the used wavelengths at the operating power would be considered safe for clinical use. The near infrared wavelength is not an asset in terms of irradiance delivered but rather in terms of penetration depth and reproducibility. It may in addition provide insights on mechanisms of membrane perforation.

3.2. MTT assays {#sec2-8}
---------------

The viability shown on [Fig. 1](#g001){ref-type="fig"} represents the viability taken 2 h after treatment by PI exclusion. However, since this experiment assesses only membrane integrity, it gives no information about the internal cell metabolism. To address this point, we conducted MTT cell viability assays on cells irradiated with 50 mJ/cm^2^ for 532 nm and 1 J/cm^2^ for 1064 nm pulses. This biological assay specifically measures the mitochondrial activity of the cells, allowing for a quantitative measurement of cell vitality. The irradiation conditions are equivalent to the one used for optoporation (cells are loaded with the same AuNPs concentration but no external cargo is added to the solution). Visually, small changes in the shape of the irradiated cells were observed as they were more rounded than the control cells (see [Fig. 2(b)](#g002){ref-type="fig"} Fig. 2(a) Comparison of MTT assay for both lasers up to 72 h after treatment. The cells were able to fully recover without any noticeable effect (n = 4, the error bars represent the standard deviation, results from 2 independent experiences). (b) Phase contrast image showing rounded cells (red arrows) after treatment and (c) corresponding fluorescent image showing intake of LY.). Most cells however came back to their normal elongated shape after 24 h.

MTT cell vitality measurements at 2 h give 64 ± 7% and 81 ± 10% for 532 nm and 1064 nm, respectively, and are both lower than the viability evaluated by PI exclusion and control images (84 ± 8% and 91 ± 7%, respectively). MTT assay gives information about the cells metabolic activities by measuring the amount of formazan produced by dehydrogenases and reductases mitochondrial enzymes. This result indicates that even if the cells are present and their membrane is intact, their internal metabolism might be slowed down or malfunctioning. The difference is more significant at 532 nm where there is a 20% difference. However, the vitality gradually increases over time and reaches 88 ± 11% and 99 ± 7% after 72 h for 532 nm and 1064 nm respectively. This increase indicates that cells have recovered after irradiation, that they survived and they are proliferating, indicating that their metabolism is back to normal.

3.3. Nanoparticles transformation {#sec2-9}
---------------------------------

SEM measurements were performed to monitor the status of the AuNPs during the treatment. Baumgart et al. \[[@r17]\] recently showed by spectroscopy and SEM that AuNPs stayed intact with fluences up to 600 mJ/cm^2^ with a femtosecond laser. However, AuNPs have been reported to undergo size reduction when irradiated by nanosecond laser \[[@r35],[@r36]\]. The size reduction may also be accompanied by the creation of smaller fragments (\<10 nm). These small fragments may intercalate between DNA segments and induce genetic problems and morphological changes for doses as low as 10 μg/mL \[[@r37]\]. It is therefore crucial to determine if the size reduction process takes place during the treatment.

The integrity of the AuNPs has been verified with SEM images taken before and after the treatment. The irradiation was performed at fluences of 50 mJ/cm^2^ at 532 nm and 1 J/cm^2^ at 1064 nm. 30 minutes after the treatment, the cells are fixed with glutaraldehyde. The next day, the samples are covered with a 5 nm gold layer and observed in high vacuum mode with the SEM. [Figure 3](#g003){ref-type="fig"} Fig. 3SEM images showing AuNPs (red arrows) on cells before and after treatment with their size distribution for both wavelengths. Bar is 2 μm (n = 2, results from 2 independent experiences). (left) shows cells loaded with NPs before the laser treatment.

We can see single AuNPs as well as some clusters of 2 and 3 AuNPs just underneath the membrane. [Figure 3](#g003){ref-type="fig"} (center and right) shows cells that have been irradiated by 532 nm and 1064 nm pulses. The AuNPs diameters have been measured with the SEM software and no significant difference in the AuNPs mean diameter have been found between the irradiated and non-irradiated sample. The mean diameter of NPs before treatment is 120 ± 16 nm while it is 128 ± 33 nm when treatment is performed with 532 nm pulses and 117 ± 20 nm for 1064 nm pulses. However, the size distribution of irradiated samples shows a more disperse population as seen on [Fig. 3](#g003){ref-type="fig"}. This suggests that the AuNPs undergo small transformations. This may lead to the creation of small fragments which could be harmful for cells. However, the MTT assays show positive results which indicate that the effect of small fragments might be negligible. The 532 nm treatment modifies the AuNPs size to a greater extent than the 1064 nm treatment.

4. Discussion {#sec1-4}
=============

4.1. Effect of pulse width: Femtosecond vs nanosecond pulses {#sec2-10}
------------------------------------------------------------

The interaction mechanisms between a pulsed laser and AuNPs are complex processes highly dependent on the pulse wavelength, duration, energy and intensity. High intensity fs pulses can be used to induce non-linear absorption of the laser energy in the plasmonic enhanced near-field in the vicinity of the AuNPs, creating a nanoplasma. For instance, we have previously used 100 mJ/cm^2^ 45 fs off-resonance 800 nm pulses to perforate cells \[[@r17]\]. This fluence yields a local intensity that reaches \~4 x 10^13^ W/cm^2^ in the near-field where the field enhancement is calculated to be around 4.5 from the Mie theory. Referring to Vogel et al., this intensity is sufficient to induce important plasma production as the optical breakdown occurs for intensity of 10^13^ W/cm^2^ \[[@r38]\]. An electron plasma is hence produced by a combination of photoionization and impact ionization \[[@r39]\]. This plasma transfers its energy to the water molecules very rapidly through collision and recombination processes, yielding large pressure wave and vapor bubbles around the AuNPs. For femtosecond pulse, the energy deposition step is clearly separated from the release of heat to the environment and the cavitation bubble dynamic.

For the nanosecond pulses used at 532 nm and 1064 nm, multiphoton absorption is not expected as the intensity does not reach the optical breakdown threshold. At the optimal fluence (50 mJ/cm^2^ for 532 nm and 1 J/cm^2^ for 1064 nm), the near-field intensity reaches 1.5 x 10^7^ W/cm^2^ and 1.8 x 10^8^ W/cm^2^ for 532 nm and 1064 nm irradiation while considering the field enhancement. These values are many orders of magnitude below the intensity threshold for optical breakdown calculated by Vogel et al. (6 x 10^11^ W/cm^2^ for 532 nm and 2 x 10^11^ W/cm^2^ for 1064 nm) \[[@r38]\]. The main mechanism of heat transfer to the surrounding environment is in consequence expected to be energy absorption by the AuNPs with subsequent conduction transfer through the NP/environment interface. Bubble nucleation is usually expected to occur from phase explosion as the temperature approaches the critical temperature \[[@r40]\]. As bubble nucleation occurs in \~100 ps-1 ns, energy deposition for nanosecond laser pulse overlaps with heat transfer and bubble growth around the NPs. In particular, the vapor bubble will quench the energy absorption by the NPs by intense scattering and modification of the resonance condition. The vapor layer also insulates the surrounding environment from the particle, so that plasmon nanobubbles induce highly localized mechanical damage to the surrounding cells \[[@r41]\].

4.2. Effect of wavelength: on (532 nm) vs off (1064 nm) resonance in the nanosecond regime {#sec2-11}
------------------------------------------------------------------------------------------

Plasmon resonance for AuNPs peaks around 530 nm, leading to a strong absorption and scattering, when NPs are irradiated at 532 nm. However, for an irradiation wavelength of 1064 nm, the AuNPs are considered off-resonant and both absorption and scattering efficiencies are strongly reduced (σ~abs~(532 nm) ≈100 σ~abs~(1064 nm) and σ~scat~(532 nm) ≈370 σ~abs~(1064 nm)). It is expected that higher fluences are required to achieve perforation of the cell membrane at 1064 nm than at 532 nm. Results presented in [Fig. 1](#g001){ref-type="fig"} hence show that the fluence necessary to achieve efficient perforation using a 1064 nm pulse is 20 times higher than for the 532 nm pulse. To explain why the fluence required for efficient perforation is only 20 times higher instead of 100 as predicted by theoretical absorption curves, it is tempting to assume the NPs aggregate. This would broaden the absorption peak and hence decrease the ratio (σ~abs~(532 nm)/σ~abs~(1064 nm), However, the NPs observed under the SEM (section 3.3) just before and after irradiation did not show a high amount of aggregation. Aggregates between 2 and 4 nanoparticles were observed for roughly every 30 single particles.

Cavitation bubble created with nanoseconds pulses at 532 nm have been observed and extensively studied \[[@r27],[@r41]--[@r44]\] but so far no study, to our knowledge, have reported bubbles created with ns pulses at 1064 nm. Using the optical set-up described in \[[@r45]\], preliminary data shows the generation of nanobubbles with 1064 nm pulses but only for fluences above 10 J/cm^2^. The model of Pustovalov et al. \[[@r46]\] describing the laser heating of AuNPs in water can be used to obtain an estimation of the temperature increase at the AuNP boundary. Using classical values for the gold and water thermodynamic properties, as well as the absorption cross-section given by the Mie theory for the AuNPs, the temperature in the water following a 15 ns, 532 nm irradiation reaches between 1231 K and 4050 K, which is way over the 0.9 Tc limit (582 K) usually taken as the cavitation onset \[[@r47]\]. It is thus reasonable to attribute the perforation mechanism to the formation of vapor bubble in the case of 532 nm irradiation at this range of fluence. Note that this model overestimates temperature higher than the gold melting point (\~1337 K), which however does not affect our conclusion.

In the case of a 1064 nm, 75 ns irradiation, the temperature in the water only reaches 340 K-411 K for fluences ranging from 0.6 J/cm^2^ to 1.5 J/cm^2^. Those temperatures are much lower than the 0.9 Tc limit, and it is thus doubtful that the formation of vapor bubble is at the origin of the perforation mechanism at these fluences. The temperature is however still significant (67*°C* −138*°C*) and could reasonably induce an increase in the membrane fluidity and permeability and be at the origin of the molecular uptake. The exact mechanism of membrane permeabilization remains unclear but these results indicate that the perforation mechanism at 1064 nm might be purely thermal. A similar mechanism has been reported by Nikolskaya et al. \[[@r48]\] in their study of membrane permeabilization with a continuous diode laser. No vapor bubbles were associated with the permeabilization process and they proposed heating of phenol red and other absorbing dyes as the main mechanism for permeabilization. Further studies are required to determine the near infrared plasmonic enhanced laser optoporation process.

5. Conclusion {#sec1-5}
=============

We demonstrate that membrane permeabilization with AuNPs irradiated by off LSPR nanosecond pulses (1064 nm) is achievable and, in our case, yields to slightly improved results compared with on resonance 532 nm wavelength irradiation. Both wavelengths generate optimal perforation rate above 25% but the 1064 nm pulses provide better viability according to MTT and PI exclusion tests. The 2 h viability is sligthy affected at the optimal fluences and vitality MTT assays reaches 88% for 532 nm pulses and 98% for 1064 nm 72 h after treatment. Damages to AuNPs following irradiation with 532 nm pulses are slightly more important when compared to 1064 nm pulses at the treatment fluence. The results obtained with NIR pulses offer better reproducibility than those obtained with 532 nm pulses. In addition, the optoporation throughput is relatively high, with the treatment of 10000 cells/min. These optoporation results show great promises for cell transfection. However, since a DNA plasmid is much larger than the fluorescent dye used for optoporation measurements, more tests are needed to obtain transfection efficiency results.

While the cell permeabilization mechanism for the 532 nm wavelength is associated to the production of nanoscale vapor bubbles around the AuNPs, the situation is less clear with 1064 nm irradiation, where permeabilization seems associated to a heating process, much similar to the case of continuous laser optoporation. When compared to off-resonance ultrafast laser optoporation, off-resonance nanosecond optoporation is shown to be less efficient (30% compared to 70% from our previous studies \[[@r17]\]). The viabilities of the two methods are comparable even though nanosecond pulses induce small transformation of the AuNPs. However, the relatively high cost and complexity of ultrafast laser justifies the interest for nanosecond off-resonance plasmonic enhanced cell transfection.
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